The crystal structure, microstructure, and magnetic properties for a series of Cu/ FePt bilayer films were investigated. The samples were prepared by depositing a Cu top layer on a highly ordered L1 0 FePt film. To promote interdiffusion, the bilayer samples were annealed at a temperature T d ranging from 300 to 800°C. X-ray diffraction data indicate that observable diffusion occurs at 400°C. The maximum coercivity thus obtained is 14.0 kOe, which is 24% larger than that of the ordered FePt film without a Cu top layer. The high H c can be attributed to the diffusion of copper atoms through the grain boundaries of the magnetic films, which may produce extra pinning sites for domain-wall movement. The ⌬M data measured from the Henkel plots of annealed Cu/ FePt films change from negative to positive values as T d is raised from 400 to 800°C. This can result from the effects of demagnetization coupling and exchange coupling and is further explained from the variation of squareness ratios of hysteresis loops.
I. INTRODUCTION
The development of high-density magnetic recording medium for commercial applications is confronted with the physical limitation of superparamagnetism, such as in the commercial Co-Cr-Pt-Ta-B alloy system. Improving thermal stability of the magnetic layer in recording disks is considered to be an effective solution to this problem. In order to further increase the recording density, scientists have endeavored to develop substitutive magnetic materials with higher anisotropy energy ͑K u ͒ and unique layer structure ͑e.g., AFC media͒. 1, 2 The future media should achieve excellent thermal stability as the grain size is reduced to only a few nanometers. Recently, several L1 0 structure alloys such as equiatomic FePt, [3] [4] [5] [6] CoPt, 7, 8 and FePd ͑Refs. 5 and 9͒ have been reported to exhibit very high K u values exceeding 10 7 erg/ cm 3 and large magnetic moments, thus have the potential to become ultra thin recording materials. Among the L1 0 alloys, Fe-Pt system has attracted much attention due to its high Ku value ͑ϳ7 ϫ 10 7 erg/ cm 3 ͒, high Curie temperature ͑ϳ480°C͒, and low ordering temperature ͑ϳ400°C͒. 3, [10] [11] [12] However, the large magnetic moments which result in strong intergranular coupling may cause high read/write noises. Therefore, reducing the exchange interaction between FePt nanograins is an important subject for recording applications, which is also the purpose of this study.
As investigated from Fe-Pt binary phase diagram, equiatomic FePt bulk material forms a chemically ordered L1 0 structure at an annealing temperature below 1300°C. The face centered tetragonal structure consists of alternating atomic planes of Fe and Pt atoms along the c axis. The lattice constant ratio c / a of the ordered phase is close to 0.96, where c is the lattice parameter along the chemical-order direction and a is the lattice parameter orthogonal to c axis. For thin-film samples made by sputtering process or epitaxial growth, the magnetically hard L1 0 phase is usually formed at elevated annealing temperatures ͑Ͼ400°C͒. 3, 10, 12 The ordering parameter rapidly increases with the annealing temperature. However, high temperatures may result in the overgrowth of L1 0 grains. Efforts have been made to resolve the problems by multilayer deposition, 13, 14 alloy design, [15] [16] [17] [18] [19] [20] and radiation assisted techniques. 21, 22 These methods were reported to reduce the grain size or to lower the L1 0 transformation temperature, thus are helpful for developing highdensity media.
Coercive behavior of the thin film is another important issue in the study of high density recording. For the FePt and related L1 0 thin films, several possible coercivity mechanisms have been suggested, such as domain-wall pinning at the fcc/ L1 0 phase boundaries, 23, 24 antiphase boundaries ͑APBs͒, 24 twin boundaries, 25 and strain relaxation defects, 26 etc. Various planar defects were reported to offer the pinning or dragging forces to the moving domain walls in the high reversal external field, thus enhance the coercivity. However, it is not clear which mechanism ͑or a combination of them͒ has the dominated contribution. The existence of some disordered fcc phases were reported to be beneficial for coercivity due to the pinning effect arisen from the orderdisorder phase boundaries in the FePt films. 23, 24, 27 However, the variation of anisotropy between magnetic grains results in strong exchange coupling effect that can cause serious problems in recording properties for the media.
Some researchers therefore worked on the reduction of exchange interactions in the L1 0 -type films by isolating the 32 were reported to have the effect of separating magnetic grains. The formation of islandlike substructure by thin-film deposition was also reported to be effective to reduce exchange coupling effect. 33, 34 However, these methods have the disadvantage of high annealing temperatures. Some of the materials might thus suffer from the degradation of magnetic properties. Bilayer materials with a top-layer zinc or CrMn alloy deposited onto an ordered FePt film were also reported to enhance the coercivity. 35 However, crystal structure and microstructure of the bilayer materials were seldom reported. Furthermore, intermetallic compounds which are liable to form between Pt and some transition metals ͑such as Zn, Cr, Mn, Fe͒, should be avoided.
In this article, the Cu/ FePt bilayer films were studied. Because the atomic affinity between Fe and Pt is higher than that between Cu and Pt, we expect that the top-layer Cu atoms could move into the ordered FePt layer preferentially along grain boundaries rather than through a volume diffusion process when the samples are annealed at moderate temperatures. Bilayer structure and diffusion process will be optimized to simultaneously increase H c and suppress the intergranular coupling. Crystal structure, microstructure, and magnetic properties of the films annealed at different diffusion temperatures ͑T d ͒ will also be presented.
II. EXPERIMENT
The thin-film samples were fabricated by rf magnetron sputtering. The background vacuum is lower than 2 ϫ 10 −7 Torr and the argon working pressure is fixed at 10 mtorr for both the FePt film and the top-layer Cu. The sputtering power for FePt and Cu layers are 80 W and 20 W, respectively. Copper and Fe 50 Pt 50 targets were used to prepare the Cu/ FePt thin films. The pre-ordered FePt film was firstly deposited onto a quartz substrate at a high temperature of 800°C to obtain a nearly ordered ͑order parameter ϳ0.95͒ FePt thin films.
36,37 A copper top layer was then sputtered on the hard magnetic FePt layer at room temperature. Both the FePt and Cu layers were 60 nm in thickness. The Cu/ FePt films were finally annealed at a temperature T d ranging from 300 to 800°C for 1 h for the purpose of interfacial diffusion. The two-step thermal process for the Cu/ FePt films was completed in the sputtering chamber with an argon pressure of 10 mTorr.
Crystal structure of the annealed thin films was investigated by x-ray diffractometry with Cu K ␣ radiation ͑ = 0.1542 nm͒ and small slits ͑0.10 mm for divergent slit; 4.0 mm for scattering slit and receiving slit͒. Microstructure evolution was studied using a Philips Tecnai F30 transmission electron microscope ͑TEM͒ with energy dispersive spectrometer ͑EDS͒ attachment. In-plane magnetic data were measured at room temperature using a vibrating sample magnetometer ͑VSM͒ under a maximum applied field of 20 kOe. Chemical compositions of the thin-film materials were analyzed using inductively coupled plasma ͑ICP͒ spectroscopy.
III. CRYSTAL STRUCTURE
The Cu ͑top layer͒/FePt ͑preordered͒ films were annealed at the temperature ͑T d ͒ ranging from 300 to 800°C to facilitate the interdiffusion between Cu and FePt. X-ray diffraction data of preordered FePt and bilayer Cu/ FePt are shown in Fig. 1 . At T d = 400°C, both ordered FePt and Curich phases coexist, as indicated in Fig. 1͑a͒ . As T d is increased to 600°C, the intensities of both the FePt ͑001͒ and FePt ͑110͒ satellite peaks decay, accompanying with an increased intensity of the peak representing the ͑111͒ crystal plane of face centered cubic Fe-Pt-Cu. The transformation from L1 0 to fcc phase proceeds as the annealing temperature is raised. Meanwhile the intensity of the Cu-rich diffraction peak decreases with increasing T d due to the consumption of top-layer Cu after interfacial diffusion. The ͑111͒ diffraction line of the Cu-rich phase was found to shift toward lower 2 angles at high annealing temperatures. This can be attributed to the larger Pt atoms ͑R Pt = 1.39 Å͒ that enter the Cu lattice with smaller atomic size ͑RCu= 1.28Å͒. It should be noticed that in the sample annealed at 600°C, a small Fe-Pt-Cu peak appears, as shown in Fig. 1͑b͒ . The Fe-Pt-Cu phase grows with increasing T d . The sample finally becomes a single-phase structure as T d is as high as 800°C, as indicated in Fig. 1͑c͒ .
The identified phases for the Cu/ FePt samples annealed at different temperatures are summarized in Table I 
Sample
Phases identified
As-deposited
Fe-Pt-Cu ͑fcc͒ the interfacial diffusion is not significant; therefore the measured lattice constant of the top layer is approximately equal to pure Cu. However, in the sample annealed at 400°C, interfacial diffusion is observable, thus the top layer Cu becomes a solid solution and is denoted as Cu-rich phase in the later discussion. As T d was increased to 600°C, the minor Fe-Pt-Cu phase with a different lattice parameter was observed, which has not yet been reported elsewhere. 16, 17, 19, 20 A further increase in annealing temperatures leads to the increase of the Fe-Pt-Cu phase at the expense of Cu-rich and ordered FePt phases. The copper-rich phase disappeared after an annealing at 700°C. For T d = 800°C, the thin film is transformed to a single-phase Fe-Pt-Cu completely.
The effect of diffusion temperatures T d on the lattice parameters a, c, c / a, and the average volume of unit cell v for the single-layer L1 0 FePt and bilayer Cu/ FePt is illustrated in Fig. 2 . With increasing T d , the a value is decreased, accompanying with an increase in c, as shown in Fig. 2͑a͒ . The c / a ratio is thus increased toward 1.0, as indicated in Fig. 2͑b͒ , which means a transformation from fct to fcc structure at high diffusion temperatures. The overall effect of diffusion temperature on the volume of unit cell v is shown in 
The rapid changes may imply interdiffusion with different mechanisms, 38 which need further investigations. In summary, the structural data show that significant interdiffusion between Cu and FePt begins at T d Ͼ 400°C. From the change in c / a ratios and unit cell volumes, it is manifest that the replacement of Pt and Fe by Cu occurs during the interdiffusion. The substitution of Cu in the FePt L1 0 lattice tends to compress the a-axis of the unit cell and form a single phase Fe-Pt-Cu alloy at 800°C. For the annealing temperatures 500-700°C, a mixture of FePt L1 0 , Fe-Pt-Cu and Cu-rich phases were obtained.
IV. MICROSTRUCTURE ANALYSIS
TEM bright field images and the corresponding selected area diffraction ͑SAD͒ patterns were investigated. Singlelayer FePt with ordered structure is shown in Fig. 3͑a͒ . The annealing twins in the photo are typical features in materials with long-range order. The TEM micrographs of the bilayer samples were prepared by etching off the top layer using ion milling process. Compared with the single-layer FePt film, the Cu/ FePt ͑preordered͒ samples annealed at 400 and 500°C exhibit some white grains ͑grain A͒ in the FePt matrix, as indicated in Figs. 3͑b͒ and 3͑c͒ . The white grains in Fig. 3͑b͒ were found to be Fe-Pt-Cu phase as measured with an energy dispersive spectrometer. The existence of white grains can also account for the peak shifts in Cu-rich phase and FePt ordered phase. Other authors also reported that the Cu-containing grains in a Fe-Pt-Cu ternary films demonstrate white constrast. 16 The white contrast can be attributed to the preferential etching of Cu-containing phase by highenergy argon ions during sample preparation. 16 Because Cu was reported to have a very high sputter yield, the preferential etching of Fe-Pt-Cu grains in Figs. 3͑b͒ and 3͑c͒ is understandable. 39 For the sample annealed at 500°C, the selected area diffraction rings for both the major FePt phase and a small amount of Cu-rich phase are indicated in the inset of Fig.  3͑c͒ . However, the Fe-Pt-Cu phase is not visible because the SAD patterns overlap with those of the FePt ordered phase. The identified phases at T d = 500°C indicate that the white grains are the Fe-Pt-Cu phase. Figure 3͑c͒ also depicts quite a large portion of Chevron patterned white grains encompassing grey residues in the middle region. This shows that the Fe-Pt-Cu phase grows at the expense of original FePt grains. This implies that the Cu atoms which jump over the Cu/ FePt interface could move into the FePt layer along grain boundaries at the annealing temperatures 400-500°C. Quite a portion of Fe-Pt-Cu grains were formed at the vicinities of FePt grain boundaries. The structure becomes a mixture of two kinds of magnetic nanograins, one hard and the other soft.
From the microstructure evolution, we consider that the interfacial diffusion starts at grain boundaries as the samples were annealed at a temperature as low as 400°C. Hence, copper atoms play a role of compositional modifications on 
V. MAGNETIC PROPERTIES
Magnetic properties were obtained using a VSM with a maximum external field of only 2 T. Before measurements, the thin-film sample was magnetized using a dc-pulse magnetizer with a peak field of ϳ7 T. The volume of the thin film volume is determined from the total thickness of the Cu/ FePt bilayer ͑i.e., 120 nm͒. Because saturation was actually not achieved, the magnetization of samples measured at 2 T is thus indicated as M 2T . Figure 4 shows the T d dependence of in-plane magnetization and coercivity data for single-layer FePt and Cu/ FePt samples. The coercivity of the bilayer sample annealed at 300°C is approximately equal to that of single-layer FePt. It appears that the interfacial diffusion is not significant at the annealing temperature 300°C. A higher annealing temperature of 400°C results in a maximum H c value of 14.0 kOe, which is 24% larger than that of single-layer FePt. For T d = 700-800°C, the H c value is rapidly decreased to tens of oersted due to the dramatic growth of soft magnetic Fe-Pt-Cu phase. 
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Chen, Yuan, and Chin J. Appl. Phys. 97, 073902 ͑2005͒ wise curves were found in the samples annealed at 600°C, resulting from the increased amount of soft magnetic FePt-Cu phase. Similar results of stepwise hysteresis loops were reported for the films consisting of magnetically hard and soft phases as the average radius of the soft magnetic grains exceeds the exchange interaction length. 40 In this study, the soft magnetic phase appears to be the Fe-Pt-Cu disordered phase which was formed after interfacial diffusion.
The coercivities of the L1 0 FePt thin films are closely related to the number and strength of pinning sites which are probably various kinds of planar defects. [23] [24] [25] [26] The FePt film with high-density pinning sites should have large coercivity. Referring to the microstructure discussion presented in Sec. IV it is manifest that Fe-Pt-Cu nanograins starts to appear at T d = 400°C, where the grain boundaries could be oversaturated with Cu at T d ϳ 400°C.
Furthermore, the exchange interaction between neighboring FePt grains might also be affected by the interfacial diffusion of Cu. This is because the planar defects introduced by Cu may influence the coherency of magnetization reversal process. In this article, we use coercivity squareness ratio S * , which represents the switching field distribution ͑SFD͒ of a materials, as an indication for the coherency of magnetization process. A high S * value normally arises from a narrow SFD. High pinning site densities and large magnetostatic interactions ͑demagnetizing interactions͒ were reported to demonstrate a small S * with broad SFD. 40 On the contrary, strong exchange coupling and low pinning site density promote the cooperated switching effect, thus lead to a reverse effect. 40 The variation of T d with squareness ratios S, coercivity squareness ratio S * , and H c is indicated in Table II . At the annealing temperature 400°C, the bilayer sample could proceed grain-boundary diffusion and exhibit the major crystal structures of L1 0 FePt and a small amount of fcc copper-rich phases. Compared with single-layer L1 0 FePt, both the S and S * values of the bilayer sample annealed at 400°C are decreased significantly. This indicates that the switching of magnetic moments may occur more independently in the bilayer sample. We therefore suggest that the diffusion of Cu into FePt along grain boundaries may increase the amount of domain-wall pinning sites and thus influences the coherency of moment rotation. At the high diffusion temperatures of 600-800°C, the dramatic decrease in S and S * values is due to the formation of magnetically soft Fe-Pt-Cu phase.
The two-phase structure shows smaller S values and negative S * values which have limited physical meanings.
Intergranular interaction for single-layer FePt and Cu/ FePt films was further investigated using Kelly-Henkle plots, [41] [42] [43] [44] as illustrated in Fig. 6 . The isothermal remanence magnetization ͑IRM͒ curves were obtained from asfabricated specimens in a naturally demagnetized state. The single-layer FePt shows a large positive peak which shows strong positive interaction ͑magnetizing coupling͒ between ordered FePt grains. In contrast, the bilayer sample annealed at T d = 400°C exhibits a negative peak in the ⌬M curve, indicating a demagnetization coupling effect. This result is consistent with the decreased S and S * values of the sample annealed at 400°C. For T d = 500°C, the ⌬M curve was suppressed to approximately zero level. The zero value of ⌬M appears to be a balance between magnetizing and demagnetizing exchange interactions in the film. The physical meaning is distinct from the same result of a zero value of ⌬M obtained from a non-interactive particle assembly. For T d = 600°C, a large positive peak occurs again ͑not shown in Fig. 6͒ , resulting from the large intergranular coupling between FePt L1 0 and neighboring Fe-Pt-Cu grains.
VI. SUMMARY AND CONCLUSIONS
Interfacial diffusion has significant effect on the structural and magnetic properties of Cu/ FePt bilayer thin films. X-ray diffraction data show that obvious interdiffusion occurs at T d Ͼ 400°C. TEM micrographs indicate that FePt-Cu grains start to form at the grain junctions of FePt L1 0 phase as the bilayer films were annealed at 400°C while the grain growth of Fe-Pt-Cu becomes manifest at T d = 500°C. A maximum increase of 24% in H c was achieved at the annealing temperature 400°C. Higher T d leads to smaller H c due to the increased amount of soft magnetic Fe-Pt-Cu.
From the presented data we suggest that by annealing at 400°C the diffusion of copper atoms along the grain boundaries of FePt L1 0 phase may produce extra pinning sites for domain walls, thus enhances the coercivity of the Cu/ FePt films. The phenomena were further supported by the decrease in squareness ratios and the demagnetization coupling type ⌬M curves. We found that grain-boundary diffusion of Cu in the ordered FePt layer tends to isolate the L1 0 grains, thus changes the switching behavior of the bilayer films. 
